Introduction
Effects of nutrient intake during lactation on LH release and weaning-to-estrus interval may be mediated through changes in the metabolic state of the animal. The metabolic state can be partially assessed by mea-1001 treatments. However, LH pulses and E 2 concentrations were similar between ML and HL treatments (P > .35). Increasing lysine intake increased serum urea nitrogen (SUN) and postprandial insulin concentrations (P < .05) during lactation but had no effect on plasma glucose concentrations (P > .20). Sows fed HL had greater serum IGF-I on d 6 and 18 than sows fed ML (P < .05). Number of LH peaks was correlated with serum insulin concentration 25 min after feeding on d 6 and 18 (r = .31 to .41; P < .1) and pre-(r = .33 to .46) and postprandial (r = .30 to .58) SUN concentrations (P < .05) during different stages of lactation. Results indicate that, compared with medium lysine intake, low lysine intake increased muscle protein degradation and decreased concentrations of insulin, SUN, and estradiol and LH pulsatility. In contrast, high lysine (protein) intake increased SUN, insulin, and IGF-I, but did not increase secretion of estradiol and LH compared with medium lysine intake. Furthermore, nutritional impacts on reproduction may be mediated in part through associated effects on circulating insulin concentration. surement of circulating metabolites and metabolic hormones (Pettigrew and Tokach, 1993; Quesnel and Prunier, 1995) . Insulin, IGF-I, and glucose are three of the most likely signals between nutritional status during lactation and subsequent reproductive performance (Pettigrew and Tokach, 1993; Booth et al., 1994; Koketsu et al., 1996) .
A number of studies have demonstrated that low dietary lysine intake during lactation affects metabolic state, LH secretion, and weaning-to-estrus interval (King and Martin, 1989; Tokach et al., 1992; Jones and Stahly, 1999a) and increases mobilization of body protein (Jones and Stahly, 1999b) . These studies focused on the influence of adequate to very low lysine intake during lactation but did not provide data on the responses to very high lysine intake during lactation. Increasing dietary lysine concentration above that re-quired for maximal lactation performance in primiparous sows has shortened the weaning-to-estrus interval (Wilson et al., 1996) and either increased (Tritton et al., 1996) or decreased second litter size (Touchette et al., 1998 , Yang et al., 2000b . We postulated that altered reproductive performance might be associated with an altered metabolic state due to very high lysine intake during lactation. Therefore, we investigated the effects of a very low (LL), a medium (ML) and a very high (HL) dietary lysine concentration during lactation on components of metabolic state (blood metabolites and metabolic hormones), protein metabolism, reproductive hormones, and postweaning reproductive performance.
Materials and Methods
Animals, Dietary Treatments, and Management. Estrous cycles of 36 gilts (PIC Camborough 22) were synchronized with daily oral administration of 15 mg/gilt of allyl-trenbolone (Regumate, Roussel-UCLAF, Paris, France) for 14 d. At the first estrus following the last feeding of allyl-trenbolone, gilts were inseminated artificially twice per day for each day they exhibited estrus with pooled semen from purebred Hampshire boars. During gestation, gilts were housed in individual stalls (.6 × 2.1 m) and fed approximately 1.8 kg/d of a cornsoybean meal diet containing 3.2 Mcal ME/kg and 14% CP (.68% lysine). Between d 107 and 110 of gestation, gilts were fitted nonsurgically with indwelling jugular vein cannulas to facilitate blood collection during lactation. Immediately after cannulas were installed, gilts were moved to an environmentally controlled farrowing room and housed in individual farrowing stalls (1.3 × 2.0 m) until weaning. The minimum air temperature in the farrowing room was set at 20°C. Sows were provided with drip cooling when air temperature exceeded 25°C. Water was available to each gilt ad libitum from a nipple drinker. Water flow rate from all waterers was greater than 1,000 mL/min with an average rate of 1,300 mL/min. The experiment was conducted in three replicates (12 gilts/replicate) from March to August 1997. Sows farrowed between 10 and 12 mo of age with an average postfarrowing weight and backfat depth of 175.5 ± 3.59 kg and 15.2 ± .79 mm (6 cm off midline at the 10th rib; P2).
On d 110 of gestation, gilts were assigned according to body weight and backfat thickness to one of the three dietary treatments (LL, ML, or HL) consisting of .4, 1.0, or 1.6% lysine (Table 1) . After farrowing, gilts were offered 5.0 kg/d of treatment diets to achieve target lysine intakes of about 20, 50, and 80 g/d. All other essential amino acids were provided at a minimum of 105% of the NRC (1988) recommended ratio to the lysine requirement to ensure that lysine was the firstlimiting amino acid in all diets. Using the NRC (1998) lactating sow model (assuming 15 kg of sow body weight loss and daily weight gain of litters at 175 g/pig during lactation), the amount of other essential amino acids provided by all experimental diets was at least 10% Supplied per kilogram of final diet: 100 mg Zn; 100 mg Fe; 30 mg Mn; 6.6 mg Cu; .6 mg I, and .1 mg Se.
higher than the ratio to the lysine requirement suggested by NRC (1998) based on analyzed amino acid concentrations (Table 1) . Appropriate combinations of corn and soybean meal were used to achieve dietary lysine contents. Corn gluten meal was included in all experimental diets due to its low lysine:valine ratio to minimize supplementation of synthetic valine. The ratios of other essential amino acids to lysine varied across diets. With the increase of lysine concentrations in the diets, crude protein increased across the three diets. The responses to the highest lysine (1.6%) diet may result from a combination of lysine and other amino acids (or protein effects).
The calculated NE content (2,094 kcal/kg) was similar for all experimental diets. Net energy of corn, soy-bean meal, and soybean oil (Ewan, 1991) was used to formulate diets. Net energy of rice hulls was assumed to be zero, as reported for dairy cattle (NRC, 1989) . Net energy of corn gluten meal was calculated from the following equation (Noblet et al., 1994) : NE = .730 (ME) − .0028 (CP) + .0055 (ether extract) − .0041 (crude fiber) + .0015 (starch). Because no starch data were available for corn gluten meal, nitrogen-free extract replaced starch in the equation. Rice hulls were used to equalize NE concentrations across experimental diets. We chose to add fiber rather than fat to equalize NE across the experimental diets because varying the proportion of dietary energy from fat may affect reproductive performance of sows (Kemp et al., 1995) . Equal concentrations of vitamins and minerals were provided in all diets and were at least 125% of estimated requirements (NRC, 1988) .
Litters were standardized to 10 pigs by d 3 of lactation. Pigs that died during lactation were replaced with pigs of comparable weight and age. Sows and their litters were weighed on d 0, 6, 12, and 18 of lactation. Sow backfat thickness at the P2 location was determined ultrasonically every 6 d throughout lactation (Leanmeater, Renco Corporation, Minneapolis, MN). Litters were weaned at 2100 on d 18 after farrowing. Sows were moved to gestation crates after weaning and were fed 2.7 kg/d of the gestation diet detailed above (3.2 Mcal ME/kg, 14% CP, .68% lysine). Sows were provided fence-line exposure to two boars for 15 min at 0900 and 1700 beginning the day after weaning and slaughtered during observed proestrus (equivalent to d 20 of the estrous cycle, before onset of the preovulatory LH surge, and approximately the same time relative to ovulation). Onset of proestrus and time of slaughter was determined by a team of experienced stockpersons based on behavioral and vulval characteristics. Behaviorally, sows responded positively to the presence of the boar, but a standing reflex to applied back pressure could still not be elicited. Reddening and swelling of the vulva and the appearance of vaginal mucus were also used as important criteria to establish onset of proestrus. Sows were weighed and scanned for backfat thickness at slaughter. Time of slaughter was determined so that preovulatory follicular fluid would be recovered from all sows at a similar stage of follicular development for determination of follicular quality (Yang et al., 2000a) . Three sows from each treatment were excluded from analysis of data collected at proestrus to ensure that sows involved in measurement of follicular quality were slaughtered at a similar physiological stage (Yang et al., 2000a) . These nine sows were included in analysis of data collected before proestrus.
This experiment was approved by an Institutional Animal Care and Use Committee at the University of Minnesota. Animals were cared for in accordance with guidelines outlined by the same committee.
Blood Sample Collection and Processing. Blood samples (10 mL) for serum LH analyses were collected at 15-min intervals for 8 h from 1300 to 2100 on d 12 and 18 postfarrowing. Blood (6 mL) for serum estradiol analysis was obtained at 1500 and 1900 on d 12 and 18 of lactation. After an overnight period without feed (a minimum of 15 h), blood samples for insulin (5 mL) and glucose (6 mL) analysis were obtained before the morning feeding at 0830 and at 25, 50, and 75 min after feeding on d 6, 12, and 18 of lactation. Blood samples (5 mL) were collected before the morning feeding and at 75 min after feeding for serum urea nitrogen (SUN) analysis or before the morning feeding and at 1300 for IGF-I analysis on d 6, 12, and 18 of lactation. At the time of slaughter, single blood samples for insulin, IGF-I, SUN, and estradiol analyses were collected. Blood samples for glucose were ejected immediately into tubes containing NaF to inhibit glycolysis and coagulation, were centrifuged at 1,520 × g for 20 min, and plasma was harvested. Blood samples for LH, estradiol, insulin, SUN, and IGF-I were allowed to clot at 4°C and centrifuged at 1,520 × g for 20 min before harvesting serum. Serum and plasma samples were stored at −20°C until assayed.
Glucose, Insulin, Urea Nitrogen, and IGF-I Assays.
Plasma concentrations of glucose were analyzed using a commercial colorimetric kit (Sigma Chemical, St. Louis, MO) that is based on the glucose oxidase method. The only modification from the manufacturer's protocol was that standard curves were used instead of a single calibrator. The interassay CV of glucose for one plasma control (90 mg/dL) measured in 20 assays was 4.12%. Samples with an intraassay CV > 5% were reassayed. Samples with glucose concentrations exceeding the highest standard (150 mg/dL) were diluted with distilled, deionized water and reassayed. Insulin was measured with a solid-phase RIA (Diagnostic Products Corporation, Los Angeles, CA) as modified by Knudson (1990) . Concentrations of the low, medium, and high serum controls were 8.57, 22.23, and 67.33 IU/mL, respectively. The intraassay CV for these serum controls were 13.7, 3.7, and 4.2%, respectively, and the interassay CV (12 assays) were 15.4, 6.6, and 10.1%, respectively. A commercial colorimetric kit (Sigma Chemical Co.) was used to measure SUN concentration. The interassay CV of SUN for one serum control (13.7 mg/dL) was 1.15%, and the intraassay CV (12 assays) was 2.95%. Serum IGF-I concentrations were analyzed in triplicate (Frey et al., 1994) , following an extraction of serum using .1 M glycyl glycine in a ratio of 1:1. Sensitivity of the assay, defined as 90% of total binding, was 24.4 ng/mL. Interassay CV for low (52.9 ng/mL), medium (104.4 ng/mL), and high (214.9 ng/mL) serum controls were 10.2, 2.4, and 2.4% and the intraassay CV were 13.4, 5.3, and 2.8%.
Serum Estradiol-17β Assay. Estradiol-17β (E 2 ) was extracted from 1 mL of serum by the addition of 5 mL of diethyl ether and vortexing for eight one-min pulses. Serum samples obtained at proestrus were prediluted fourfold with assay buffer (PBS containing .1% gel, pH 7.0), and sera collected during lactation were not diluted. Extraction tubes were then placed in a liquid nitrogen/methanol bath, and the aqueous layer was allowed to freeze. The solvent supernatant was decanted and dried under vacuum. The average extraction efficiency was 75%, and estimated potencies were not corrected for recovery. Estradiol concentrations were estimated in a single RIA using a double antibody kit (Diagnostics Products Corp.) with the following modifications. In-house estradiol standards in assay buffer were used rather than the standards provided by the kit. The kit's first antibody was reconstituted as directed by the manufacturer and further diluted threefold with distilled, deionized water to improve assay sensitivity. Serial dilution of a serum control produced good parallelism (22.59, 11.31, 5.17, 3.33 , and 1.59 pg/mL of estradiol, respectively). The intraassay CV was 8.03%. The assay sensitivity, defined as 90% of total binding, was .35 pg/mL.
Serum Luteinizing Hormone Assay. Serum LH concentrations were measured using a heterologous double antibody RIA (Dial et al., 1983) . Purified porcine LH (AFP 10714B) was radioiodinated by reaction with 125 I (NEN, catalog number NEZ-033L; Boston, MA) in the presence of chloramine-T (catalog number C9887, Sigma Chemical Co.), and diluted in PBS containing .1% gelatin (pH 7.0) to give 25,000 counts per minute (cpm)/.1 mL. Each serum sample (300 L) was assayed in duplicate. A purified porcine reference standard (LER 783-3) was used to express the results. The assay sensitivity, defined as 90% of total binding, was .17 ng/ mL. The intraassay CV for low (.32 ng/mL), medium (1.17 ng/mL), and high (2.00 ng/mL) LH reference pools were 10.2, 4.6, and 3.3%, respectively. The interassay CV (n = 9) for low, medium, and high LH control sera were 10.3, 7.0, and 6.6%, respectively. Characteristics of pulsatile patterns of LH secretion were determined using a peak detection program (CLUSTER) for microcomputers (Veldhuis and Johnson, 1988) . Two points of nadir and one point for peak with a 5% false-positive rate were used to detect number of pulses and mean peak height of pulses.
Estimation of Sow Body Protein Breakdown (3-Methylhistidine Production). Muscle myofibrillar protein
breakdown was determined from a kinetic analysis of 3-methylhistidine (3MH) metabolism on d 4 and 15 postpartum using the method of Rathmacher et al. (1996) . Thirty minutes after the morning meal, each gilt was infused with a bolus dose (.1371 mg/kg BW) of [methyl-2 H 3 ]-3MH in 10 mL of sterile saline via the jugular catheter (in 10 s). After infusion, the catheter was flushed with an additional 10 mL of sterile saline. Serial 10-mL blood samples were taken at −1, 2, 5, 15, 60, 120, 180, 360, 540, 720, 1, 440, 2, 160, 2, 880 , and 3,600 min following the bolus infusion to measure the disappearance of stable isotope in plasma. Blood samples were transferred to glass tubes coated with EDTA and placed on ice. Thirty minutes after collection, blood samples were centrifuged at 500 × g for 20 min, and the plasma was harvested and stored at −20°C for later analysis of 3MH with gas chromatography/mass spectrometry using the method of Rathmacher et al. (1992) . The de novo production rate of 3MH (mol/d), fractional breakdown rate of muscle, and fat-free muscle mass were estimated according to Rathmacher et al. (1992) .
Statistical Analyses. All dependent variables were checked for normality using the Wilk-Shapiro test (SAS, 1990) . Repeated measures ANOVA using the GLM procedures of SAS (1990) was used to analyze experimental data except weaning-to-proestrus interval. Concentrations of metabolites and metabolic hormones measured at slaughter were not included in the repeated measures analysis because of the differences in feeding regimens, sampling frequency, and the physiological status of the sows after weaning. The statistical models included dietary treatment, replicate, stage of lactation (day), sampling time (within day), and their interactions. Weaning-to-proestrus interval was transformed logarithmically to normalize the data and then analyzed by simple ANOVA of SAS (1990) . Three preplanned contrasts (LL vs ML, LL vs HL, and ML vs HL) were used to separate treatment means when the F-test was significant. Pearson correlation coefficients were used to evaluate relationships between metabolite concentrations, metabolic hormone concentrations, or fractional breakdown rate of muscle and LH secretion.
Results
Sow and Litter Performance. Feed intake during lactation was less than the target amount (5 kg/d) and averaged about 73% of the feed offered (Table 2) . With the increase in dietary lysine concentration, ADFI of sows decreased at all stages of lactation. Daily feed intakes during d 13 to 18 and throughout (d 1 to 18) lactation were higher (P < .05) for sows fed LL than for sows fed HL. Total BW loss was greater (P < .01) during lactation but lower (P < .05) from weaning to slaughter for sows fed LL compared with sows fed HL (Table 2) . Dietary lysine concentration did not affect overall change in backfat during lactation and from weaning to slaughter, nor did it affect weaning-to-proestrus interval. Low lysine intake during lactation decreased overall litter weight gain (P < .05) compared with medium and high lysine intake. However, litter weight gain was similar for litters nursing sows fed ML or HL.
Metabolites and Metabolic Hormones. Preprandial plasma glucose (Table 3 ) and serum insulin (Table 4) concentrations decreased (P < .01), but mean postprandial glucose and insulin levels increased (P < .01) as lactation advanced. Glucose and insulin concentrations were higher (P < .01) after than before feeding when sows were deprived of feed overnight. Dietary lysine intake was associated positively (P < .05) with mean postprandial serum insulin concentrations but did not affect pre-and postprandial plasma glucose concentrations and preprandial insulin levels on d 6, 12, and 18 after farrowing and insulin levels at postweaning proestrus. Concentration of SUN (Table 5 ) was higher after than before feeding (P < .01). Both preprandial and postprandial SUN concentrations increased linearly (P < .01) with dietary lysine intake on d 6, 12, and 18 of lactation. However, SUN concentrations were similar among sows assigned to the three treatments at proestrus. Sampling time within a day did not affect IGF-I concentrations (data not shown). Mean serum IGF-I was greater (P < .05) on d 6 and 18 of lactation for sows fed HL compared with sows fed ML (Table 6 ). Serum IGF-I was higher (P < .01) at proestrus than during lactation for all treatments, but it was similar across the three treatment groups at proestrus when all sows consumed the same gestation diet after weaning.
Reproductive Hormones. Serum estradiol concentrations on d 18 of lactation were less (P < .05) for sows fed LL compared with ML and HL treatments, but there was no difference between sows fed ML and HL (Table  6 ). Serum estradiol concentrations were similar across the three treatments at proestrus when the sows consumed the same gestation diet after weaning. Estradiol concentrations were greater during proestrus than during lactation (P < .01). The number of LH peaks/8 h on d 12 (P < .05) and 18 (P < .01) of lactation was reduced for sows fed LL compared with sows fed ML and HL (Table 7) . However, number of LH peaks was similar between sows fed ML and HL. As lactation advanced, the number of LH peaks increased (P < .05).
Protein Metabolism. Fractional breakdown rate of muscle decreased linearly (P < .01) on d 15 of lactation when dietary lysine intake increased, although there were no differences on d 4 (Table 8) . Dietary lysine intakes during lactation had no effect on fat-free muscle mass. As lactation advanced, fat-free muscle mass (P < .01) and production of 3MH (P < .1) declined. Sows fed HL produced less 3MH (P < .05) on d 15 of lactation than those fed LL.
Correlation. Correlation between metabolites, metabolic hormones, or fractional breakdown rate of muscle and LH characteristics was examined. Serum insulin concentration at 25 min after feeding on d 6 was correlated (P < .05) with number of LH peaks/8 h on d 12 and 18 of lactation (Table 9) . Insulin concentration at 25 min after feeding on d 18 was also correlated positively (P < .01) with number of LH peaks on d 18. Preprandial and postprandial SUN concentrations on d 6, 12, and 18 were correlated positively (P < .05) with number of LH peaks on d 12 and 18. The correlation between SUN and number of LH peaks seemed stronger than that between insulin and number of LH peaks. No other correlations were detected (P > .05). Blood samples were collected at 25, 50, and 75 min after the morning feeding (sows were subject to an overnight period without feed of at least 15 h before the morning feeding). Preprandial is one sample taken shortly before morning feeding after an overnight period without feed of at least 15 h; one sample was taken at 25, 50, and 75 min after feeding, respectively. 
Discussion
Compared with medium lysine intake, low lysine intake decreased litter growth rate and tended to increase the loss of sow body weight. This is consistent with the previous finding that sows will mobilize body reserves to support milk production when nutrient intake is inadequate (Tokach et al., 1992) . The mobilized body reserves might be body protein. Low lysine intake did not affect backfat loss significantly but tended to increase muscle protein degradation, suggesting that dietary protein was insufficient to support milk production. Similarly, Jones and Stahly (1999b) reported that protein mobilization as evidenced by fractional breakdown rate of muscle was increased for sows fed inadequate lysine during lactation. Weaning-to-proestrus interval (mean of 4.7 d) was not influenced by dietary lysine. Proestrus is about 1.5 d before estrus (Rojkittikhun et al., 1992) ; thus, weaning-to-estrus interval might have been 6.2 d in this study, and is comparable to that reported in a companion study (Yang et al., 2000b) . However, sows fed LL in this study had lower lysine intake (16 g/d) than that of sows fed the diet containing the lowest lysine (33 g/d) in the companion study. King (1991) suggested that sows with lysine intake below 35 g/d experienced a prolonged weaning-to-estrus interval. Thus, low lysine intake should be expected to elicit a protracted weaning-to-proestrus interval compared with higher lysine intakes in the present study. Lack of response might be due to limited numbers of animals per treatment and due to the fact that proestrus may not be a distinctive point in time. It is also possible that low lysine intake did not affect weaning-to-proestrus interval but prolonged the duration of proestrus. Rojkittikhun et al. (1992) reported a longer duration of proestrus for sows with a longer weaning-to-estrus interval. Because sows were slaughtered at proestrus, actual weaning-to-estrus interval could not be determined in this study.
Inadequate nutrient intake during lactation causes the sow to become catabolic. When lysine intake decreased from 36 to 16 g/d, postprandial serum insulin concentrations were reduced, which is consistent with previous reports that restricting lysine (Tokach et al., 1992; Kusina, 1995) or energy intake (Koketsu et al., 1996; Zak et al., 1997) decreased serum insulin concentration. Tokach et al. (1992) demonstrated that LH secretion was reduced by restriction of either lysine or energy intake. Our data confirm that low lysine intake reduced LH pulses during mid-and late lactation compared with medium and high lysine intake. Armstrong and Britt (1987) suggested that inadequate nutrient intake during lactation might inhibit either the release of LH from the pituitary or suppress the hypothalamic GnRH pulse generator.
Estradiol is produced primarily by ovarian follicles. Sows fed LL had lower serum E 2 concentration during late lactation than sows fed ML and HL, suggesting that Preprandial was one sample taken shortly before the morning feeding after an overnight fast of at least 15 h; postprandial was one sample taken at 75 min after the morning feeding. nutrient intake could modulate follicular development during lactation and beyond. This phenomenon has been described as the nutritional "imprinting" of follicles by Cosgrove and Foxcroft (1996) . Direct evidence was provided by the observation that low lysine intake reduced the proportion of large follicles at proestrus in our companion study (Yang et al., 2000a) . However, results presented herein did not show effects of dietary treatments on concentration of serum estradiol at proestrus. Our blood sample for proestrus E 2 measurement was taken immediately after slaughter. Slaughter is a stress to the sow and may have stimulated E 2 release from the adrenal cortex. Brown et al. (1959) found that the adrenal gland is the major source of synthesis and release of estrogens during stress in women. Thus, E 2 from the adrenal glands in our sows may have contributed significant amounts to the total concentration of serum E 2 collected at slaughter. In the present study, serum E 2 at proestrus may not provide a true picture of ovarian function. Although many studies have been conducted to evaluate the effects of low lysine intake on metabolic state and reproductive hormone secretion, few studies have been conducted to evaluate the effects of relatively high lysine intake. Compared with medium lysine intake, high lysine intake increased postprandial concentrations of serum insulin and IGF-I. Increased concentrations of insulin with increased lysine intake during lactation agree with the conclusion of Murray et al. (1988) that insulin secretion is associated positively with protein intake. Increasing protein intake increases amino acid concentrations in both portal and peripheral circulation (Rerat et al., 1988) and, thus, stimulates release of insulin in nonruminant animals (Unger, 1974) . Increasing insulin causes up-regulation of liver GH receptors, thereby stimulating hepatic IGF-I production (I'Anson et al., 1991). These increased concentrations of serum insulin and IGF-I suggest an improved metabolic state with high lysine intake.
Very high lysine intake during the first lactation shortened weaning-to-estrus interval (Wilson et al., 1996) and increased second litter size (Tritton et al., 1996) in sows. This improved reproductive performance is assumed to be associated with an increased secretion of reproductive hormones. However, high lysine intake did not further stimulate secretion of LH and estradiol compared with medium lysine intake in the present study, supporting our finding that increasing lysine intake from 33 to 54 g/d in primiparous sows did not increase subsequent litter size (Yang et al., 2000b) . Previous research from our group (Tokach et al., 1992) suggested that the influence of lysine intake on LH secretion increased as energy intake increased. In the present study, feed intake of sows was low; thus, energy intake for sows with the highest lysine intake may not have been sufficient to allow the high lysine intake to stimulate LH and estradiol secretion. We suspect that the intensive manipulation limited the feed intake for all experimental sows and caused decreased milk production compared with sows on well-managed commercial farms, as evidenced by ADG of 1.75 kg for a 10-pig litter over an 18-d lactation. In our companion study with a similar sow genotype and dietary formulations, litter ADG was 2.00 kg/d (Yang et al., 2000b) . Furthermore, voluntary feed intake of sows declined as dietary lysine increased. A similar response was observed in a companion study (Yang et al., 2000b) and possible explanations have been offered by Yang et al. (2000b) .
Loss of body protein during lactation may influence subsequent reproduction of sows. Reducing protein loss during lactation reduced weaning-to-estrus interval (King, 1987) . Our high lysine intake did not decrease fractional breakdown rate of muscle compared with ML, suggesting that very high lysine intake did not further reduce loss of body protein. Correlation analysis between fractional breakdown rate of muscle and LH characteristics failed to reveal that LH secretion was Pulsatile secretion of LH is an important factor in stimulating follicular development and resumption of estrus postweaning (Shaw and Foxcroft, 1985; King and Martin, 1989) . Furthermore, LH pulse frequency during mid-to late lactation was related to weaning-toestrus interval (Tokach et al., 1992; Koketsu et al., 1996) . Our correlation analysis revealed a positive association between LH pulses and SUN (both preprandial and postprandial) concentrations during lactation, suggesting that dietary treatment effects on LH characteristics may be mediated through effects on SUN concentrations, as reported previously by Kusina (1995) . However, this connection between SUN and LH seems unlikely from a physiological standpoint. We are not aware of any physiological mechanism by which high SUN concentrations would stimulate LH release. Thus, we can not confidently propose a causal relationship between SUN and LH release, although both responded to increased lysine intake.
In the present study, only insulin concentration at 25 min after feeding was correlated positively with number of LH peaks. Tokach et al. (1992) and Koketsu et al. (1996) demonstrated that concentration of serum insulin during lactation is associated positively with LH release and weaning-to-estrus interval, and this suggested that dietary influences on reproduction may be mediated in part through associated effects on circulating insulin. Dietary treatments among the four recent studies from our laboratory that have addressed this issue have differed. This study and the study of Kusina et al. (1999) varied dietary protein and lysine concentration, Koketsu et al. (1996) varied dietary energy, and Tokach et al. (1992) altered both dietary en- Stage of lactation effect on 3-methylhistidine production, P < .1.
Means within a row with superscripts differ as follows:
wx P < .05; wy P < .1; wz P < .01. Blood samples for insulin analysis were collected before and 25, 50, and 75 min after the morning feeding (sows were subject to an overnight period without feed of at least 15 h before the morning feeding). Blood samples for urea nitrogen analysis were collected before and 75 min after the morning feeding.
ergy and lysine. A stronger correlation may exist between insulin and LH release when energy intake varies than when amino acid intake varies. Some studies have implicated glucose (Koketsu et al., 1996) or IGF-I (Pettigrew and Tokach, 1993; Booth et al., 1994) as a key component in the connection between diet and reproduction. However, we did not find any correlation between circulating glucose or IGF-I and LH characteristics. Therefore, the results of this study show that effects of lysine intake on LH characteristics may not be mediated through effects on concentrations of circulating glucose or IGF-I.
Implications
Low lysine intake during lactation seems to increase sow body protein mobilization, and increased lysine intake seems to improve the metabolic status of sows. Increasing lysine intake from 16 to 36 g/d increased luteinizing hormone (LH) pulses and estradiol secretion during lactation, but further increasing lysine intake to 56 g/d did not enhance secretion of reproductive hormones. This may indicate a lack of further improvement in follicular development and subsequent reproduction. Existence of a significant correlation between insulin and LH pulse frequency suggests that nutritional influences on LH release may be mediated, at least in part, through associated effects on circulating insulin concentration.
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